Experiments on life history genetics are usually performed using constant temperature environments in the laboratory. However, the dynamics of insect growth can be influenced profoundly by daily fluctuations in temperature such as those which characterize field environments. We report here on experiments using different stocks and selected lines of a tropical butterfly, Bic clus an nana, to examine whether genotype-environment interactions occur for three traits describing pre-adult growth. These traits were measured over two pairs of environments differing in mean temperature, each of which had a constant, and a cycling temperature regime. Development time, pupal weight and growth rate show genotype-environment interactions, especially at comparatively low average temperatures. Researchers should, therefore, take care when extrapolating from the form of genetic covariance matrices and ' tradeoffs ' among life history traits found in constant temperature environments to those likely to occur in nature.
INTRODUCTION
Natural environments are characterized by daily fluctuations in temperature or thermoperiods. In contrast, our knowledge of life history genetics is based on laboratory experiments performed in constant temperatures (Roff 1992 ; Stearns 1992) . It is clear that thermoperiods can have profound effects on development time and other life history traits of insects in comparison to constant temperatures (reviewed in Beck (1983) ; for dramatic examples, see Bradshaw (1980) ). We have shown in an earlier experiment (Brakefield & Mazzotta 1995) that thermoperiods around an intermediate temperature lead to shorter development times and higher growth rates in the tropical butterfly, Bic clus an nana. Furthermore, their effect increases with the amplitude of the thermoperiod. We suggested that it was critical to examine whether genotype-environment interactions occur for life history traits across constant and fluctuating temperature environments of equivalent mean temperature : do the ranks of genotypes change significantly from a stable regime to a fluctuating thermoperiod ? Such interactions would question the applicability of the genetics of life history traits in constant temperatures to the genetic covariances and ' trade-offs ' among such traits occurring in natural environments.
This paper explores the occurrence of genotypeenvironment interactions for different stocks of B. an nana. The effect of a thermoperiod of a particular amplitude may differ for low or high average temperatures (Beck 1983) . Our experiments were, therefore, also designed to investigate whether such variability exists. We maintain a variety of laboratory stocks of B. an nana, most of which have been artificially selected for particular morphological or life history traits. We used a selection of these stocks to rear large samples of individuals of similar genotype in controlled conditions, and then to make comparisons across stocks (' genotypes ') of the influence of thermoperiods on development time, size at maturity, and growth rate. Although artificial selection may strongly influence the genetic architecture of sets of traits, we are concerned here to demonstrate any potential for genotypeenvironment interactions. Furthermore, our experiment does not compare individual genotypes or families and may, therefore, be of comparatively low sensitivity. Nevertheless we are able to demonstrate that genotype-environment interactions should be considered when our knowledge of life history genetics is applied to evolution in natural populations experiencing thermoperiods.
MATERIAL AND METHODS (a) The butterflies
A laboratory population ((i), stock) of B. an nana was established in 1988 from over 80 gravid females collected near Nkhata Bay in Malawi. It is maintained at around 23 mC with at least several hundred adults in each generation. Larvae are fed on maize and adults on mashed banana. This stock is used for studies of the evolution of phenotypic plasticity (Brakefield & Reitsma 1991) . Adults of B. an nana express striking seasonal polyphenism. A wet season form with conspicuous ventral eyespots flies during the rains, while a dry season form lacking the eyespots persists through each long dry period.
The selected lines used in this experiment were : (ii) fast 27-selected for short pre-adult development at 27 mC ; (iii) fast 20-as for (ii) but selection at 20 mC ; (iv) slow 27-selected for long pre-adult development at 27 mC ; (v) low-selected for small ventral eyespots similar to those of the dry season form with selection in early generations at 20 mC and then at progressively higher temperatures ; (vi) highselected for large ventral eyespots similar to those of the wet season form with early selection at 20 mC followed by 18 mC. In addition two other lines were used : (vii) line A-a line which had experienced five single pair bottlenecks, interrupted by a number of generations of large population size (see Brakefield & Saccheri 1994) ; and (viii) yellow-a line homozygous for the recessive ello allele. Wild-type pupae are green. The ello allele blocks the synthesis of blue pterobilin pigments, yielding pupae which are yellow due to the presence only of plant-derived carotenoids (H. de Vos & P. M. Brakefield, unpublished data). ello homozygotes tend to have a substantially longer development time (see below). The yellow line is also fixed for the spott allele, which specifies two additional forewing eyespots without any substantial effect on development time or viability. Like ello , spott has no measurable effect on pre-adult viability in segregating families (Brakefield & French 1993) .
Selection experiments were performed at constant rearing temperatures using methods and numbers designed to minimize genetic drift and inbreeding. The slow line had only a short history of selection, while the others had been running for 20-25 generations. Further details, including those of the responses to selection, are given elsewhere ((v) and (vi) : Brakefield et al. 1996 ; (ii)-(iv) : Brakefield & Kesbeke). These are not critical here since we are using the lines purely as sources of material differing in genotype.
(b) The rearing environments
Larvae were collected from large numbers of eggs shortly after hatching and usually before plant feeding had commenced. Two replicate groups of larvae for each of the eight lines were reared to pupation in separate net cages under each of four temperature regimes. Forty-eight to 54 newly hatched larvae from a single collection were used to set up each replicate group of a line. They were placed on growing young plants of Oplismenus minutus. This species of grass is a natural food plant of high quality in terms of larval development time and pupal weight (Kooi 1993) . Plants were changed as defoliation or a visible decline in quality occurred. Due to some shortage of Oplismenus, young maize plants were also used to feed late instar larvae (maize is of a closely similar food quality to O. minutus). The whole larval and pupal development of both replicate groups of each line within each environment occurred in a single chest-high climate cabinet. There were, therefore, 16 cages or groups of larvae in each of four cabinets. The position of each individual cage was changed regularly, the whole cabinet being used.
The four temperature regimes were chosen to give two pairs of environments, differing in mean temperature, each of which had a constant, and a cycling temperature :
C1 The amplitude of each thermoperiod (T) is 8 mC, corresponding to an average daily range in temperature in the field of 7.0-9.7 mC (Brakefield & Mazzotta 1995) . Similarly, the low and high temperatures (1 and 2) correspond roughly to average temperatures when the cohorts of the dry season form (low temperature) and wet season form are developing in the field. A high relative humidity was maintained in each climate cabinet by use of open trays of water. Photoperiod has little effect on growth of B. an nana, and there is little variation around a 12 h : 12 h photoperiod at the field locality (Brakefield & Mazzotta 1995) . Changes in light and temperature were synchronized in our experiments and followed, or were close to, a rectangular profile. Temperatures were controlled to p0.2 mC and were monitored by a data-recording device to check comparability of mean daily temperatures. New pupae were collected regularly and weighed before being placed individually in covered pill boxes. Adult emergence is strongly gated by photoperiod and was recorded daily after eclosion. Adult butterflies were then frozen.
(c) Measurements and data analysis
The data for development time (D ; egg hatching to adult eclosion in days) and pupal weight (W F ) were used together with average egg weight (W ! ) to calculate individual growth rate (c.f. Nylin 1992) :
Pupal weight is closely correlated to wing size and adult weight (e.g. van Oosterhout et al. 1993) . Variation in egg weight in the stock is unrelated to growth rate, development time or pupal weight (van Oosterhout et al. 1993 ), so we have used a mean value for this character (0.408 mg). The formula yields a value for relative growth rate, such as 1.20, representing a 20 % mean daily weight gain from hatching larva to the pupa before adult eclosion. Growth rates are calculated as in our earlier experiment, which used a constant temperature regime and two thermoperiods, one with an amplitude of 8 mC. Each of the three regimes had a mean temperature of 21 mC (Brakefield & Mazzotta 1995 ; the only minor difference in methods for the earlier experiment was the rearing of larvae in pairs rather than in larger groups). Thus we can compare the effects of a thermoperiod of 8 mC on stock larvae reared across three different mean temperatures : 19, 21 and 25 mC.
The phenotypic plasticity in wing pattern in B. an nana is principally a response to rearing temperature. Low temperatures (less than 19 mC) with slow development yield the dry season form with very small eyespots, while high temperatures (more than 23 mC) and rapid development produce the wet season form with large eyespots (Brakefield & Reitsma 1991) . Intermediate phenotypes occur after larval growth at intermediate temperatures in the laboratory. Brakefield & Mazzotta (1995) found that a thermoperiod produced a quantitative change in wing pattern because of its effect on development time. Therefore, we measured the ventral wing pattern and wing area of each adult butterfly in the present experiments using an image analysis system (Windig et al. 1994) . Only the data for the size of the central black region of the largest hindwing eyespot and the first principal component (PC1) for eight wing variables are analysed here. PC1 provides an excellent overall index of the plasticity.
We used the MINITAB package for the statistical analysis. Data for each sex are analysed separately as males develop faster and are smaller than females (Brakefield & Mazzotta hermoperiods and insect gro th P. M. Brakefield and F. Kesbeke (21) 1488p148 (25) 829p49 (29) 862p75 (35) (b) pupal weight (mg) stock 1995). Analyses of variance (ANOVAs) were performed by a GLM procedure. We initially performed four-way ANOVAs using the factors replicate group (1\2), line (i-viii), temperature (low mean\high mean l 1\2) and thermoperiod (constant or with thermoperiod ; C\T l 0\1) to examine heterogeneity across replicates. None of the life history or wing pattern traits showed a significant (p 0.05) replicate effect indicating that our efforts to minimize environmental effects within climate cabinets were successful. The two replicate groups for each line in each rearing environment were then pooled for further three-way analysis (the four-way analyses also yielded closely similar patterns for interactions between main effects to the three-way ANOVAs). The results of our analyses are robust to a change in the coding for temperature or thermoperiod levels (i.e 1 and 2 versus k1 and j1). Data for development time were log-transformed prior to analysis.
RESULTS
Differences in pre-adult survival were found among rearing regimes after pooling across replicates and lines (χ# l 48.39, d.f. l 3, p 0.001). Survival was lower in the low, constant temperature environment (44.8 %) compared to the other three regimes (55.1-60.8 %). The latter show no significant heterogeneity. For the low-temperature pair of environments, survival was higher in the thermoperiod in each line (usually in both replicates). No comparable trend towards higher survival occurred in the thermoperiod for the pair of high-temperature environments.
Substantial variation occurred among lines within each rearing environment for the three life history traits in males and in females (table 1 ; Kruskal-Wallis test results). A significant line effect (p 0.001) was found in ANOVAs performed for any combination of two rearing environments, or for all four together. Thus, our lines do differ in average genotype influencing pre-adult growth.
Both temperature and thermoperiod influence development time and pupal weight in each sex, whichever combination of environments is analysed (p 0.01). Growth rate, however, does not show a significant thermoperiod effect in analysis of data from all four environments (table 2) . This is probably because of the opposing effect of thermoperiod on growth rate across the two temperatures (figure 1). Thus while a thermoperiod leads to substantially higher growth rates at the low average temperature, they decrease at the high-temperature environment (three-way interactions, see table 2). Development time shows a comparable reversal in the direction of the thermoperiod effect across temperatures, although the effect is even more strongly asymmetric ; de- velopment is longer in the high-temperature thermoperiod, but much shorter at the low temperature (figure 1). Pupal weight is lower in both thermoperiods. The increased growth rate in the low-temperature thermoperiod results from a stronger effect on development time than on pupal weight (positive and negative, respectively). The average norms of reaction for each line across each pair of a constant temperature and a thermoperiod ( figure 1) show that the direction of these effects is consistent across lines, with some single exceptions for pupal weight. Thus, the slopes of the reaction norms tend to be either all positive or all negative for each matched pair of rearing environments. The three-way ANOVAs covering the four rearing environments reveal significant line-thermoperiod (equivalent to ' genotype-environment ') interactions for each life history trait (table 2) . This interaction term remains significant for each trait when analysis is restricted to the matched pair of low-temperature environments (p 0.001, except for male pupal weight at low temperature, where p 0.05). Thus, although there is a consistency in direction of the reaction norms shown in figure 1, each group of eight lines shows significant variation in slope at the low temperature. Only one of the six analyses yields a comparable interaction term for the high-temperature pair of environments (female growth rate : F l 2.23 with d.f. l 7, 407, p 0.05, although a further four test values approach significance).
Analysing only the two thermoperiod environments (T1 and T2) also reveals strong line-temperature interactions for each of the three life history traits in males and in females (p 0.001 in each case). Thus, the responses of the eight lines to a thermoperiod vary across temperatures ; for example, the low line has a comparatively high growth rate in the thermoperiod with low average temperature (T1), while performing comparatively poorly in the higher temperature (T2,  see table 1 ). This appears in turn to affect eyespot size, which shows similar line-temperature interactions (p 0.001 in each case).
The effect of a thermoperiod on wing pattern is comparable to that detected in our earlier experiment (Brakefield & Mazzotta 1995) , and can again be accounted for as a by-product of the effect on development time. Thus, the lower temperature thermoperiod, which results in shorter development, produces butterflies tending to have larger eyespots. Each individual line shows higher mean values for eyespot size of each sex in T1 (except females of the low line). Closely parallel results occur for PC1. Although the difference in development time is smaller for the high-temperature pair of environments, there is a similarly consistent effect on wing pattern. It is, however, as expected from the slower development, in the opposite direction, with all eight lines showing lower mean values for eyespot size and PC1 in the thermoperiod. As in the earlier experiment, these effects of thermoperiod on wing pattern are not strong enough to produce anything approaching the alternative seasonal phenotypes at the same average temperature. 
DISCUSSION
First, by combining our results with those from our earlier experiment we can examine the effects on the unselected stock of a thermoperiod along a temperature gradient. Brakefield & Mazzotta's (1995) study with the stock population included a pair of intermediate temperature regimes (mean temperature l 21 mC: constant and a thermoperiod of 8 mC). Mean growth rates were intermediate (13.1-14.9 %) to those found for the stock in the present study. The effect of the thermoperiod on mean growth rate in B. an nana becomes progressively weaker and changes direction from a low to a high temperature (table 3) . Such a nonlinear relationship with average temperature is to be expected, since extreme temperatures are likely to have negative influences on many life history traits, while some processes of growth will show exponential increases in efficiency with temperature before levelling-off at intermediate or higher temperatures. Thus, although the warm temperature phase of a particular thermoperiod may be generally beneficial to growth at lower average temperatures, as temperature increases, its effect is likely to become progressively less positive and, eventually, negative. This is illustrated diagrammatically in figure 2. It appears that in B. an nana, the warmer phase of a thermoperiod has a more profound influence than the cooler phase at both lower and higher average temperatures. The details of this process will differ across species depending on such factors as the periodicity of feeding and food assimilation. Bic clus larvae feed almost exclusively during the dark phase but may assimilate much of their food intake by day (see Brakefield & Mazzotta 1995) .
The most important aspect of our results is the demonstration that genotype-environment interactions can occur for life history traits of an insect species reared across environments which differ in the presence or absence of a daily cycle in temperature. In our experiment, the genotype-environment interaction is more substantial for a pair of low-temperature environments than a corresponding high-temperature pair. The effect of thermoperiod itself is also stronger at lower temperatures. The power of our experiment to detect genotype-environment interactions was probably quite low relative to a design using individual families or clones. Individual genotypes would, presumably, express more substantial differences in phenotype across environments. Nevertheless, the implications are clear. The nature of genetic covariance matrices, and the form of any trade-offs among life history traits, may differ between the constant temperature regimes used to evaluate them and natural environments with temperature fluctuations. Researchers should take the potential for such effects into account when interpreting their laboratory data and making predictions about evolution in natural populations. Artificial experiments on life history traits which are performed in more natural regimes with fluctuating daily temperatures are also needed.
